48 extensively investigated as building blocks for constructing 49 nanoparticles via bottom up self-assembly. 15 bacteriophage phi29 DNA packaging motor ( Figure 1A,B) . Due to the multivalent nature of the 3WJ scaffold, RNA 166 micelles can be rationally designed to be multifunctional. As 167 such, anti-miR21 as a therapeutic agent was incorporated by a 168 complementary extension sequence ( Figure 1C) . Besides, 169 folate as a specific targeting ligand was introduced to single-170 stranded 3WJ-a-sph1 by CuAAC "click reaction" prior to 171 assembly of RNA micelles (see Figure S1A ). The reaction was 172 carried out in mild reaction conditions and resulted in high 173 yield. Successful conjugation of folate onto the RNA strand 174 was evidenced by the upshifting band in 20% 8 M UREA 175 PAGE, compared to an unconjugated strand (see Figure S1B ). 176 Noticeably, the multifunctional 3WJ/FA/anti-miR21 mi-177 celles showed slightly faster migration band in 2% agarose gel 178 compared with pRNA-3WJ micelles without any modules 179 ( Figure 1D ). One possible explanation is that the extension on 180 the RNA oligo will increase structural hindrance and result in a 181 smaller number of pRNA-3WJ copies in micellar structure. RNA micelle solution ( Figure 2A ). To estimate the value of Figure S3B ) also provided evidence of 266 the efficient internalization of RNA micelles into HT29 cells as 267 KB cells.
268
Delivery of Anti-miR21 by RNA Micelles into Cancer 269 Cells. We hypothesized that the RNA micelles as a delivery 270 system can improve the potency of anti-miR21 in cancer cells. 271 To study this assumption, the delivery efficiency of anti-miR21 272 by RNA micelles was first assayed by dual-luciferase-based 273 miR21 reporter system, as we previously reported. and inhibit miR21 ( Figure 4A ). In addition, 3WJ/anti-miR21 
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Article DOI: 10.1021/acsnano.8b07948 ACS Nano XXXX, XXX, XXX−XXX 311 intensity from released fluorescent substrate. We found 3WJ/ 312 FA/anti-miR21 micelle treated cells showed highest fluo-313 rescence emission of caspase-3 substrate in contrast with 314 control groups (3WJ/anti-miR21 micelles, 3WJ/FA/anti-315 miR21, 3WJ/anti-miR21, and 3WJ/FA micelles; Figure 4C ). 316 The activation of the caspase-3 pathway will trigger cancer cell 317 apoptosis, suggesting a stronger inhibitory effect on cancer 318 cells.
319
Targeting of RNA Micelles to Cancer Xenograft in 320 Vivo. To study whether pRNA-3WJ micelles will further 321 enhance tumor targeting compared with pRNA-3WJ nano-322 particles without micelles formation, Alexa 647 labeled 3WJ/ 323 FA/anti-miR21 micelles, 3WJ/FA/anti-miR21, and 3WJ/anti-324 miR21 were systemically administered via the tail vein into KB 325 tumor bearing mice. It can be clearly observed that the RNA 326 nanoparticles distributed to the whole body at 1 h post-327 injection. At 4 and 8 h post-injection, the fluorescent RNA 328 nanoparticles showed specific accumulation in tumor while it is f5 329 almost completely cleared in other organs ( Figure 5A ). Ex vivo 330 images of the main organs (heart, liver, spleen, lung, and 331 kidney) and tumors were taken after 8 h post-injection. 332 Compared to 3WJ/anti-miR21 treatment, 3WJ/FA/anti-333 miR21-treated mice exhibited stronger fluorescence signal in 334 Figure 6C,D) . Furthermore, the 367 RNA micelles are biocompatible and well-tolerated in vivo 368 because there are no obvious changes in mouse weight during 369 the experiment ( Figure 6B ). 370 Our studies revealed that RNA micelles were able to deliver 371 the anti-miR21 and inhibited cancer growth efficiently even 372 404 
METHODS AND EXPERIMENTAL DETAILS

405
Design and Construction of Folate-Decorated RNA Micelles 406 Incorporating Anti-miR21. The 3WJ/FA/anti-miR21 micelles are 407 composed of four strands: folate-3WJ-a-sph1, Sph1-anti-miR21, and 408 3WJ-b-cholesterol, 3WJ-c, which were prepared by RNA synthesizer 409 using solid-phase synthesis or followed by chemical reaction (home-410 made or by ExonanoRNA, LLC). The sequences are described as 411 below: and the control groups as described above were incubated with the
ACS Nano
Article 500 KB cells at 37°C for 1 h. For binding and internalization studies on HT29 cells, 200 nM 509 Alexa647 labeled nanoparticles described above were incubated with 510 HT29 cells at 37°C for 1 h. Flow cytometry and Confocal 511 microscope assays were conducted following the same procedures 512 described above.
513
Dual Luciferase Assay to Study the Delivery Efficacy of 514 Anti-miR21 by RNA Micelles. KB cells were seeded on a 24-well 515 plate at 70% confluence in RPMI-1640-folate-deficient medium with 516 10% FBS 1 day prior to the treatment. The following day, cells were 517 transfected with 300 ng of psi-Check 2 plasmid (Promega), which 518 contains an oncogenic miR-21 binding sequences at the 3′-UTR 519 region of the Renilla luciferase gene using Lipofectamine 2000 (Life 520 Technologies). A total of 4 h after transfection, the medium was 521 replaced with complete medium, and the cells were incubated for 522 another 2 h. Final concentrations of 200 nM and 400 nM 3WJ/FA/ 523 anti-miR21 micelles and the control groups (3WJ/anti-miR21, 3WJ/ 524 FA/anti-miR21, 3WJ/anti-miR21, and 3WJ/FA micelles) were then 525 incubated with cells in compete medium at 37°C, respectively. After 526 incubating overnight, dual-luciferase assay (Promega) was used to 527 evaluate the anti-miR21 effects following manufacturer's instruction. qRT-PCR Assay to Study Downstream Gene Expression. To 529 assay the downstream target gene PTEN expression of miR-21, 530 TaqMan Gene Expression Assays was performed according to the 531 manufacturer's instructions (Life Technologies). The nanoparticles 532 described above were incubated with KB cells at 400 nM final 533 concentration for 72 h. After incubation, the total RNA was extracted 534 by TRIzol reagent (Life Technologies). Then, the first cDNA strand 535 was synthesized from total RNA (1 μg) using SuperScript III First-536 Strand Synthesis System (Life Technologies). RT-PCR was 537 performed using Taqman assay. All reactions were carried out in a 538 final volume of 20 μL using Taqman Universal PCR Master mix, 539 primers and probe, and synthesized cDNA. The primer and probe set 540 for human PTEN and GADPH (housekeeping gene) were purchased 541 from Life Technologies. PCR was performed on StepOne and 542 StepOnePlus systems (Applied Biosystem). The data were analyzed 543 by the ΔΔCT method.
544
Induction of Cell Apoptosis by 3WJ/FA/Anti-miR21 Mi-545 celles. KB cells were seeded on 24-well plate in 1640-folate-deficient 546 plus 10% FBS medium overnight at 37°C in a humidified 5% CO 2 547 atmosphere. Cells were then treated with 400 nM 3WJ/FA/anti-548 miR21 micelles and the control groups (3WJ/anti-miR21 micelles, 549 3WJ/FA/anti-miR21, 3WJ/anti-miR21, and 3WJ/FA micelles). To 550 measure the early cell apoptosis marker caspase-3 level, a caspase-3 551 assay kit (BD Pharmingen) was used for the assay. Cells, after 24 h of 552 treatment, were lysed using the cold cell lysis buffer in the kit. For 553 each group, 25 μL of cell lysate was added with 2 μL of reconstituted 554 Ac-DEVD-AMC in 80 μL of HEPES buffer and incubated at 37°C 555 for 1 h. The amount of caspase-3 substrate AMC released from Ac-556 DEVD-AMC was measured by Fluorolog fluorospectrometer (Horiba 557 Jobin Yvon) using an excitation wavelength of 380 nm and an 558 emission wavelength range of 400−500 nm. 
